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I.  INTRODUCTION 

Many  present-day  aircraft  turbine  engines  produce  exhaust  with  visible 
amounts  of  smoke*  The  objectionable  conditions  occur  even  though  the  smoke 
concentrations  are  very  low  and  represent  very  small  losses  In  combustion 
efficiency.  Many  recent  studies  have  shown  the  directions  necessary  In  com- 
buster  design  for  smoke  abatement,  and  excellent  results  have  been  obtained. 
There  remains,  however,  a  problem  In  the  testing  of  existing  designs  on  sta¬ 
tionary  engine  test  stands  where  smoke  production  levels  may  be  above  envir¬ 
onmental  standards  or  desires. 

Low-lnternal-phase-ratlo  emulsions  of  water-ln-fuel  have  been  Investi¬ 
gated  for  their  potential  In  reducing  exhaust  smoke  from  gas-turbine 
engines.  The  unique  mechanism  Is  the  selective  vaporization  of  the  Internal 
phase  during  the  period  of  droplet  heating;  this  vaporization  and  sudden  ex¬ 
pansion  causes  the  fuel  drop  to  break  up  Into  much  smaller  droplets.  The 
potential  for  reducing  soot  formation  In  heterogeneous  combustion  is  sug¬ 
gested  by  this  increased  atomization  and  dispersion  of  the  fuel. 

Experiments  were  conducted  In  a  combustor  facility  fabricated  from  T-63 
engine  hardware  using  a  single-can  combustor  with  a  dual-orlflce  pressure 
atomizer.  Tvo  series  of  tests  were  performed.  The  Initial  sequence  em¬ 
ployed  air  flow  conditions  that  simulated  full  engine  pomr  (the  smokiest 
condition.  The  second  series  employed  air  flow  characteristics  at  reduced 
power  conditions.  During  the  experiments,  the  fuel  specifications,  water 
concentration,  surfactant  concentration,  and  dispersion  size  were  varied. 
Moreover,  measurements  of  exhaust  smoke,  combustor  temperature  rise,  flame 
radiation,  and  combustion  efficiency  based  upon  exhaust  chemistry  were  ob¬ 
tained. 


II.  SUMMARY 

A.  During  the  experiments.  It  was  observed  that  a  concentration  of  2X  sur¬ 
factant  was  sufficient  to  produce  a  stable  emulsion  that  allowed  significant 
smoke  reduction;  no  benefit  could  be  ascribed  to  the  use  of  larger  quanti¬ 
ties.  No  effect  of  dispersion  size  on  smoke  reduction  was  directly  ob¬ 
served,  although  the  homogenizing  equipment  allowed  only  a  small  range  of 
dispersion  size  to  be  Investigated.  Fuels  which  were  characterized  by  high 
aromatic  content  and  high  boiling  range  were  studied;  the  smoke  reduction 
concept  was  found  to  be  equally  effective  In  both  cases.  Specifically,  the 
Initial  series  of  experiments  suggested  that  a  48Z  reduction  In  exhaust  par¬ 
ticulate  concentration,  based  upon  a  correlation  due  to  Champagne,  was  pos¬ 
sible  with  an  emulsion  having  a  water-to-fuel  ratio  of  0. 1.  The  Hame  radi¬ 
ation  was  reduced  by  20Z,  and  the  reductions  In  combustor  temperature  rise 
and  combustion  efficiency  were  minimal.  Since  there  was  evidence  of  a  con¬ 
tinuing  decrease  In  exhaust  smoke  with  further  Increases  In  water  concentra¬ 
tion,  an  additional  group  of  experiments  was  conducted. 


5 


NAEC-92-114 


B.  The  later  series  of  tests  were  oriented  toward  optimization  of  the  water 
concentration  for  smoke  reduction  and  examination  of  the  complete  engine 
power  spectrum*  Continuous  decreases  In  exhaust  smoke  were  observed  up  to 
the  highest  concentration  tested,  a  0. 5  water-to-fuel  ratio.  The  maximum 
reduction  In  exhaust  particulate  concentration  was  80%  based  upon  the 
Champagne  correlation.  Emulsions  composed  of  15%  and  30%  water-ln-f uel 
ratios  were  tested  throughout  the  engine  power  range,  and  smoke  reductions 
were  observed  at  all  power  points.  The  greatest  reductions  were  found  at 
the  highest  power  points  where  the  smoke  problem  Is  the  greatest. 

C.  Comprehensive  measurements  of  gaseous  exhaust  emissions  were  also  ob¬ 
tained.  NOjj  was  reduced  by  Increases  In  water  concentration  with  the  great¬ 
est  reductions  occurring  at  the  higher  power  levels.  CO  and  unburned  hydro¬ 
carbons  Increased  with  water  concentration;  the  increases  were  small  at  full 
power  but  became  Increasingly  large  at  the  lower  power  conditions.  Com¬ 
bustion  efficiency  was  calculated  from  the  exhaust  chemistry  and  decreased 
with  the  addition  of  water.  The  reduction  in  efficiency  was  very  small  at 
full  power  but  became  quite  significant  at  the  lower  power  conditions. 

D.  Within  the  limits  of  combustor  rig  testing,  the  water-ln-fuel  emulsion 
concept  was  shown  to  have  a  potential  for  significant  reductions  In  exhaust 
smoke  at  the  high  power  conditions  where  smoke  is  the  greatest  problem;  the 
reductions  In  combustor  performance  were  minimal  at  these  conditions.  The 
concept  shows  less  potential  at  the  lower  power  levels  of  operation,  but 
smoke  Is  not  usually  a  problem  during  low  power  operation.  Since  Increasing 
the  water  concentration  continued  to  reduce  smoke,  in  actual  engine  opera¬ 
tion  the  concentration  could  be  tailored  to  meet  the  required  smoke  level. 
Moreover,  It  Is  recommended  that  full-scale  engine  tests  be  conducted  for 
the  purpose  of  understanding  the  effects  that  water-fuel  emulsions  have  on 
engine  horsepower/operation  and  exhaust  plume  visibility. 


III.  DISCUSSION  AND  THEORY 
A.  SMOKE  PRODUCTION  IN  TURBINE  ENGINE  COMBUSTORS 

1.  The  smoke  produced  by  a  gas  turbine  engine  Is  an  aerosol  of  soot  or 
carbon  particles  resulting  from  the  Incomplete  combustion  of  the  fuel.  Ob- 
jectlonal  conditions  occur  even  though  the  particulate  concentrations  are 
very  low,  typically  less  than  0.005%  by  weight,  and  represent  only  very 
small  losses  in  combustion  efficiency  (1).*  The  major  contribution  Is  formed 
In  the  primary  zone,  but  soot  may  be  generated  in  any  part  of  the  combustor 
where  mixing  Is  Inadequate  and  fuel-rich  pockets  exist.  Essentially,  the 
carbon  loses  to  the  more  active  and  more  available  hydrogen  In  the  competi¬ 
tion  for  available  oxygen.  Most  of  this  fine  carbon  or  soot  is  consumed  in 
the  secondary  and  quench  zones  where  there  Is  an  abundance  of  air;  the  re¬ 
mainder  becomes  exhaust  smoke. 


^Numbers  In  parenthesis  Indicate  Items  within  the  Bibliography. 
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2.  The  physical  characteristics  of  the  fuel  spray  have  an  Important 
effect  on  the  production  of  soot.  Larger  droplets  have  a  longer  lifetime, 
causing  higher  heat  absorption  and  enhancing  soot  formation.  Reduced  spray 
penetration  and  cone  angle  serve  to  Increase  the  fuel/alr  ratio  In  the 
region  of  the  nozzle  leading  to  an  Increase  In  soot  production  (3). 

3.  The  hydrocarbon  structure  of  the  fuel  Is  also  known  to  have  a 
significant  effect  on  the  production  of  soot.  The  higher  molecular  weight 
compounds  are  more  prone  to  producing  soot  because  of  their  higher  carbon- 
hydrogen  ratio;  also  they  are  less  volatile  and  are  often  pyrolyzed  before 
distilling  out  of  the  droplet.  The  existence  of  smaller  droplets  would 
allow  the  heavy  ends  to  vaporize  sooner  so  Improved  atomization  may  very 
well  reduce  this  source.  The  aromatic  compounds  have  a  tendency  to  produce 
smoke  about  30  times  greater  than  that  of  the  paraffins  for  the  same  boiling 
range  (7)  due  to  the  relatively  high  stability  of  the  carbon  ring  (16).  This 
Is  an  Important  consideration  because  of  the  latitude  for  aromatic  compo¬ 
sition  in  JP-5,  0-25%  by  volume. 

B.  SMOKE  REDUCTION  TECHNIQUES 

1.  Several  techniques  are  generally  used  to  reduce  the  smoke  from  new 
combustor  designs:  increased  mixing  and  a  leaner  primary  zone  to  reduce  the 
production  of  soot  and  Increased  residence  times  in  the  secondary  and  quench 
zones  to  promote  complete  burning  of  the  soot  (2,3).  Considerable  success 
has  also  been  obtained  by  using  the  so  called  "air  blast"  atomizer,  which 
not  only  provides  a  smaller  droplet  size,  but  provides  a  source  of  oxygen 
Immediately  in  the  region  of  the  nozzle  orifice  thus  reducing  the  fuel-rich 
pocket  found  with  pressure  atomizers  (3). 

2.  These  solutions  do  not  solve  the  problem  associated  with  the  testing 
of  existing  designs  on  stationary  engine  test  stands  where  smoke  production 
levels  may  exceed  environmental  standards.  There  are  several  fuel  additives 
available  which  act  to  suppress  smoke,  such  as  Ethyl  Corporation's  Combustor 
Improver  92  and  ferrocene.  The  former  Is  a  manganese  additive  and  has  po¬ 
tential  toxicity  problems  as  well  as  leading  to  the  accumulation  of  manganese 
oxides  on  critical  areas  of  the  turbine;  ferrocene  also  tends  to  create  de¬ 
posits,  but  they  are  sometimes  acceptable  (4,  5,  6). 

C.  "MICRO-EXPLOSION”  PHENOMENA 


1.  The  combustion  properties  of  drops  of  fuel  emulsions  were  first  In¬ 
vestigated  experimentally  by  Ivanov  and  Nefedov  (14).  Burning  drops  of 
water-ln-oll  emulsions  and  using  high-speed  cinematography,  they  showed  that 
the  more  volatile  water  vaporized  Inside  the  drop  as  It  was  heated.  The  ex¬ 
pansion  of  the  water  vapor  violently  tore  the  drop  apart;  this  "micro- 
explosion"  scattered  very  small  droplets  from  the  parent  drop.  Increasing 
the  total  burning  rate  and  reducing  the  carbon  residue.  Dryer  (22)  has 
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recently  reproduced  this  experiment  under  a  grant  from  the  National  Science 
Foundation. 

2.  The  potential  for  reducing  soot  formation  from  gas-turbine  engines 
is  suggested  by  this  Increase  in  atomization  and  dispersion  of  fuel.  Dryer 
(22)  reports  several  Investigations  of  using  fuel  emulsions  for  the  reduc¬ 
tion  of  soot  from  furnaces  and  boilers;  these  all  Involved  the  use  of  fuel 
oils  that  are  heavier  than  kerosene  type  jet  fuels  (JP-5).  To  the  author's 
knowledge  there  has  been  no  previous  use  of  emulsions  for  the  reduction  of 
smoke  from  aircraft  turbine  engines. 

D.  CHARACTERISTICS  OF  EMULSIFIED  FUELS 

1.  The  type  of  emulsion  used  in  this  program  Is  known  as  a  low- 
Internal-phase-ratlo  emulsion  of  water-ln-oll.  That  is  the  "dispersed 
phase",  water,  is  a  relatively  small  fraction  of  the  system  and  the  "contin¬ 
uous  phase",  fuel,  makes  up  the  bulk  of  the  system.  The  Illustration  below 
compares  the  structure  of  such  an  emulsion  with  Its  opposite,  a  hlgh- 
Internal-phase-ratlo  emulsion.  Chemicals  known  as  surfactants  are  usually 
required  to  stabilize  emulsions.  They  are  typically  a  type  of  molecule 
which  Is  soluble  In  water  on  one  end  and  soluble  In  oil  on  the  other  end.  A 
proper  balance  of  this  Hydrophlllc-Llpophlllc  property  must  be  attained  to 
achieve  a  stable  emulsion;  an  HLB  number  is  assigned  to  each  surfactant  to 
characterize  it.  The  Implications  of  this  system  are  beyond  the  scope  of 
this  work.  ICI  American  has  published  a  description  of  the  system  (20). 

For  reference,  an  HLB  of  5.3  was  found  to  be  satisfactory.  For  low- 
Internal-phase-ratlo  emulsions,  the  surfactant  Is  usally  ionic,  so  that  the 
apparent  charge  can  help  prevent  agglomeration  and  combustion  which  speeds 
separation. 
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2.  Low-lnternal'phase-ratlo  enulsions  are  desirable  for  the  type  of 
work  discussed  here  for  two  reasons:  the  change  In  viscosity  Is  not  great 
and  the  characteristic  size  of  the  dispersed  phase  (water  droplets)  Is 
smaller.  The  reason  for  the  first  Is  obvious;  It  was  found  that  emulsifying 
10%  water  In  the  JP-5  raised  the  viscosity  from  1.6  c®  to  2.0  c®.  (Hlgh- 
lnternal~phase~ratlo  emulsions  usually  have  very  high  viscosities  and  non- 
Newtonian  flow  properties.)  The  second  Is  Inherent  to  the  "micro-explosion” 
phenomena:  the  size  of  the  dispersed  phase  must  be  much  smaller  than  the 
mean  diameter  of  the  fuel  spray  so  that  spray  drops  will  contain  the  emul¬ 
sion.  Emulsions  of  10%  water  In  JP-S,  stabilized  with  a  surfactant,  were 
examined  under  a  microscope,  and  the  dispersed  water  droplets  were  found  to 
be  In  the  range  of  1/2  to  2  microns.  Since  the  SMD  of  the  fuel  spray  was 
about  85  microns,  the  spray  remains  an  emulsion.  Figure  1  shows  two  photo 
micrographs  of  emulsions  created  under  different  conditions.  A  circle  Is 
superimposed  to  give  an  Indication  of  the  Interior  of  an  85  micron  fuel 
drop.  If  the  dispersion  size  becomes  the  same  order  as  a  spray  drop,  the 
free  surfaces  of  the  emulsion  will  Interfere  with  normal  droplet  formation 
process,  and  quite  probably,  the  drops  will  not  be  emulsions,  but  either 
pure  fuel  or  water. 


IV.  EQUIPMENT  AND  PROCEDURES 

A.  EXPERIMENTAL  EQUIPMENT,  with  the  exception  of  the  fuel  emulsification 
system,  all  of  the  experimental  equipment  used  in  this  program  was  existing 
equipment  already  being  used  In  turbine-fuels  research  at  the  U.S.  Army 
Fuels  and  Lubricants  Research  Laboratory  (AFLRL). 

1.  FUEL  EMULSIFICATION  SYSTEM 

a.  The  system  used  to  make  the  emulsions  was  a  Model  100  Laboratory 
Homogenizer  manufactured  by  the  Gaulln  Corporation.  It  was  chosen  over 
other  methods,  such  as  ultrasonics,  because  It  provided  a  capability  for 
varying  the  dispersion  size  of  the  emulsion.  Basically,  the  unit  is  a  high- 
pressure,  positive  displacement  pump  «diich  discharges  a  crudely  mixed  medium 
through  a  special  homogenizing  valve  (see  Figure  1).  The  mixture  Is  accel¬ 
erated  through  the  orifice  to  strike  the  impact  ring  at  velocities  up  to  300 
m/sec  (950  ft/sec);  this  action  shatters  the  mixture  Into  a  dispersion  of 
very  small  droplets.  This  dispersion  size  can  be  varied  by  adjusting  the 
orifice  size  and  pressure  drop;  examples  of  the  resulting  emulsions  are  Il¬ 
lustrated  in  Figure  2. 

b.  The  homogenizer  unit  was  Integrated  Into  the  fuel  system  as  an 
in-line  emulsification  system,  thereby  reducing  the  emulsion  stability  re¬ 
quirements.  The  system  Is  shown  schematically  In  Figure  3.  The  fuel  and 
water  are  crudely  mixed  In  the  "mixing  tee”  upstream  of  the  homogenizer.  The 
first  bypass  system  recycles  excess  flow  because  the  pump  operates  at  a 
constant  flow  rate  of  4.1  1/mln  (65  gph)  idtereas  the  combustor  only  requires 
1.9  1/mln  (30  gph)  at  the  operating  conditions  used.  The  second  bypass  Is 
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used  to  establish  the  correct  flow  rates  of  the  two  liquids  before  intro¬ 
ducing  the  fuel  into  the  combustor.  The  accumulator  is  necessary  to  dampen 
the  pulsations  in  line  pressure  caused  by  the  piston-compressor  action  of 
the  homogenizer. 

2.  EMULSION  ANALYSIS.  The  emulsions  were  analyzed  for  dispersion  size 
by  using  a  microscope  with  430x  magnification.  A  micrometer  slide  with  0.1 
mm  divisions  was  used  to  calibrate  the  scale  on  the  eyepiece.  Each  division 
on  the  eyepiece  was  equivalent  to  about  .003  mm  so  droplets  of  .001  mm  could 
be  measured  to  an  accuracy  of  .0005  mm. 

3.  COMBUSTOR  RIG.  The  combustor  rig  used  for  this  study  is  based  on 
engine  hardware  from  the  Allison  T-63  engine  used  in  the  Navy's  TH-57A  heli¬ 
copter.  The  burner  is  a  single-can  type  with  a  dual  orifice  pressure  atom¬ 
izer  centered  in  the  dome  as  shown  in  Figure  4.  At  the  exit  of  the  burner 
can  there  is  a  centerbody  which  diverts  the  flow  into  an  annulus  where  the 
nozzles  and  turbine  blades  are  normally  located.  Gas-sampling  probes,  pres¬ 
sure  probes,  and  thermocouples  were  arranged  circumferentially  in  one  plane 
of  this  annulus  at  various  radial  positions,  as  shown  in  Figure  5.  Figure  6 
shows  the  combustor  rig  as  Installed  and  instrumented  in  the  AFLRL  combustor 
lab.  Table  1  presents  the  air  flow  and  fuel  flow  conditions  that  were  es¬ 
tablished  to  correspond  with  various  power  points  following  the  guidelines 
of  the  manufacturer. 

4.  FLAME  RADIATION  MEASUREMENT.  Total  flame  radiation  was  measured 
with  Model  R-2065  As3rmptotic  Radiometer  manufactured  by  Hy-Cal  Engineering. 
Figure  7  Illustrates  the  installation  of  this  unit.  The  window  is  sapphire 
to  permit  response  to  IR  radiation  out  to  around  5  microns;  this  is  neces¬ 
sary  to  see  the  CO2  radiation  (19).  The  important  feature  is  that  the  win¬ 
dow  is  flush  with  the  combustor  liner  wall  and  has  a  150°  viewing  angle. 
Thus,  it  sees  essentially  the  entire  flame  zone  and  measures  the  total  radi¬ 
ation  heat  load  to  the  wall  at  that  point.  This  wide  viewing  angle  is  im¬ 
portant  in  programs  where  the  temperature  patterns  may  shift  due  to  changes 
in  air-fuel  mixing. 

5.  DATA  ACQUISITION  SYSTEM.  The  heart  of  the  data  acquisition  system 
is  a  Hewlett-Packard  9820  programmable  calculator;  this  is  coupled  to  a 
scanner  and  digital  voltmeter  to  automatically  acquire  data  and  process  it. 
Operating  conditions  are  then  printed  out  for  monitoring  on  a  thermal  line 
printer  with  an  update  about  every  ten  seconds.  The  flow  rates  of  the  com-. 
bustor  air  and  fuel  were  measured  with  turbine  flowmeters.  All  pressures 
were  sensed  with  strain  gauge  pressure  transducers  activated  by  regulated 
power  supplies.  Ch'-omel-alumel  thermocouples,  referenced  to  a  150°F  regu¬ 
lated  oven,  were  used  for  temperature  measurement. 

6.  EXHAUST  ANALYSIS  INSTRUMENTATION.  Exhaust  emissions  were  measured 
on-line  using  the  Instruments  listed  on  the  following  page. 
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Sample 

Instrument 

Sensitivity 

Carbon  Monoxide 

Beckman  Model  31 5B  NOIR 

50  ppm  to  16Z 

Carbon  Dioxide 

Beckman  Model  315B  NDIR 

300  ppm  to  16Z 

Unburned  Hydrocarbons 

Beckman  Model  402  FID 
Hydrocarbon  Analyzer 

0.5  ppm  to  lOZ 
(CH4) 

Nitric  Oxide 

Thermo-Electron  lOA  Che¬ 
miluminescence  Analyzer 

3  ppm  to  10,000  ppm 

Total  Oxides  of  Nitrogen 

Thermo-Electron  lOA  Che¬ 
miluminescence  Analyzer 
with  NOjj  Convertor 

3  ppm  to  10,000  ppm 

Oxygen 

Beckman  Fleldlab  Oxygen 
Analyzer 

0. 1  ppm  to  lOOZ 

The  exhaust  sample  was  brought  to  the  Instruments  through  a  350**F  heated 
teflon  line  and  then  appropriately  distributed. 

7.  SMOKE  ANALYSIS  SYSTEM.  The  system  used  for  measuring  exhaust  smoke 
level  was  designed  according  to  the  requirements  of  SAE>ARP1179.  Briefly,  a 
sample  of  the  exhaust  Is  passed  through  a  strip  of  filter  paper.  Partic¬ 
ulates  from  the  exhaust  are  trapped  on  the  surface,  leaving  a  spot  ranging 
In  "grayness”  from  white  to  black,  depending  on  the  sample  size  and  partic¬ 
ulate  content  of  the  exhaust.  The  spot  Is  then  evaluated  with  a  reflectom- 
eter.  Refer  to  VB3  for  detailed  calculation. 

8.  FUELS.  Three  fuels  of  the  JP-5  type  were  used  In  this  program.  Two 
of  the  three  test  fuels  were  specially  blended  at  a  local  refinery  to  ac¬ 
centuate  the  two  "smoke  sources"  within  the  fuel  as  previously  discussed, 
l.e.,  one  fuel  had  a  high  boiling  range  and  a  low  aromatic  content  while  the 
other  had  a  high  aromatic  content  but  a  lower  boiling  range.  The  third  test 
fuel  was  simply  a  production-run  JP-5  from  Ashland  Refinery.  Table  2  com¬ 
pares  the  properties  of  these  fuels  to  the  JP-5  specification. 

B.  PROCEDURES .  The  objective  of  this  program  was  to  determine  the  poten¬ 
tial  of  reducing  the  exhaust  smoke  from  a  gas-turbine  combustion  chamber  by 
emulsifying  the  fuel  with  water.  The  program  was  separated  Into  seven  major 
phases : 


Phase  1  —  Formation  and  Characterization  of  Emulsions 

Phase  2  —  Combustor  Testing  to  Evaluate  Potential  for  Smoke 
Reduction 
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Phase  3  —  Sensitivity  of  Concept  to  Pertinent  Fuel  Properties 

Phase  4  —  Support  Data  on  Rest  Candidate  Emulsion 

Phase  5  —  Effect  of  Best  Emulsified  Fuel  on  Combustion  Throughout 
the  Power  Spectrum 

Phase  6  —  Evaluation  of  the  Effects  of  Particulate  Emission  Rates 
on  Exhaust  Plume  Visibility 

Phase  7  —  Estimate  of  Effects  During  Full-Scale  Engine  Tests 

1.  In  Phase  1,  the  formation  and  characterization  of  stable  emulsions 
of  water-ln-fuel  were  Investigated.  Possible  candidate  emulsion  systems 
were  Identified,  and  an  In-line  system  was  developed  to  create  emulsions  of 
variable  concentration  and  quality. 

2.  During  the  second  phase,  these  emulsions  were  tested  in  a  combustor 
rig  operated  at  the  smokiest  condition  to  determine  their  potential  In  re¬ 
ducing  exhaust  smoke  and  to  assess  the  effects  of  the  fuel-modification  on 
combustor  performance,  l.e.,  flame  radiation,  exhaust  emissions,  combustion 
efficiency,  and  temperature  rise.  The  fuel  used  In  the  second  phase  was  a 
"production  run"  JP-5. 

3.  In  Phase  3,  two  specially  blended  JP-5  fuels  were  used  to  determine 
If  the  concept  was  sensitive  to  boiling-range  end-point  or  aromatic  content. 
These  variables  constitute  two  major  fuel-related  sources  of  soot  formation 
In  combustors. 

4.  Phase  4  was  devoted  to  further  combustor  tests  using  additional 
water  concentrations.  Both  lOOZ  and  25%  power  levels  were  examined  In  an 
attempt  to  Identify  the  emulsion  characteristics  that  were  optimum  for  smoke 
reduction. 

5.  During  Phase  5,  the  combustor  was  operated  over  the  entire  power 
spectrum  using  the  base  fuel  and  fuel  emulsions  considered  appropriate  for 
full-scale  engine  testing. 

6.  The  effort  during  Phase  6  was  devoted  to  estimation  of  probable 
plume  visibility  on  the  basis  of  measured  particulate  emission  rates. 

7.  All  of  the  Information  acquired  during  the  program  was  utilized 
during  Phase  7.  In  this  activity,  estimates  were  made  of  the  probable 
effect  of  fuel-water  emulsions  on  plume  visibility  and  particulate  emission 
rates  during  full-scale  engine  tests. 

The  work  associated  with  Phases  1-3  was  performed  during  1975,  and  the  re¬ 
sults  have  been  reported  previously  on  an  Interim  basis.  This  report  encom¬ 
passes  the  entire  effort.  Phases  1-7,  and  Includes  all  Information  previously 
submitted. 
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V.  ANALYSIS 

A.  PRESENTATION  OF  DATA.  There  are  two  types  of  data  presentation:  the 
test  reports  of  the  Individual  combustor  experiments  and  the  smoke  data. 
Since  the  smoke  data  Is  derived  from  analysis  and  curve  fitting  of  smoke 
spots  on  filter  paper,  it  is  not  Included  in  the  individual  test  report 
which  is  Immediate  output  from  the  calculator  at  the  completion  of  each 
test. 


1.  The  test  reports  are  presented  as  Figures  8  through  62  and  give  sum¬ 
maries  of  the  combustor  operating  conditions,  a  survey  of  the  exhaust  ther¬ 
mocouple  measurements,  the  exhaust  chemistry  and  the  combustion  efficien¬ 
cies.  Average  values  and  standard  deviations  of  the  air  and  fuel  flow  param¬ 
eters  are  compared  with  the  desired  engine  parameters  as  given  in  Table  1. 

2.  The  least-squares  curve  fits  of  the  smoke  spot  readings  for  all  the 
experiments  are  presented  In  Figures  63  through  77.  Many  of  the  experiments 
are  combined  on  the  various  figures  to  help  illustrate  the  effects  on  smeke 
reduction. 

B.  COMBUSTION  PARAMETERS 

1.  Combustion  Efficiency.  Combustion  efficiencies  are  calculated  from 
the  exhaust  gas  analysis  according  to  a  relationship  developed  by  Hardin 
(11): 


% 


A»f(UBH)-121.745«f(C0-38.880»f(N0)-14.654»f(N02) 
A«  tf  (C02)-«-f  (COy+f  (UBH)  J 


lOOX 


where  f(l)  is  the  concentration  of  "1",  in  the  exhaust  and  A  is  a  constant 
based  on  the  heat  of  combustion  and  hydrogen/carbon  ratio  of  the  fuel. 


2.  Flow  Rate.  The  pressure  and  flow  rate  cannot  always  be  attained 
exactly;  in  such  cases  the  air  flow  loading  factor  Is  the  critical  scaling 
parameter  which  Is  matched  along  with  the  air/fuel  ratio  and  the  Inlet 
temperature.  The  flow  parameter  Is  defined  as: 


FF 


where  W  >  air  flow  rate 
T  -  temperature 
P  ■  air  pressure 


It  is  a  measure  of  the  mach  number  of  the  inlet  air  flow  and  hence  the  res 
idence  time  in  the  combustor.  This  Is  a  standard  scaling  method  used  by 
engine  manufacturers  (10). 
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3.  Saoke  Level.  The  eaaple  particulate  matter,  as  aforementioned  in 
IVA7,  Is  evaluated  using  a  reflectMieter.  The  calculation  which  assigns  a 
smoke  number  (SN)  to  the  sample  la  as  follows: 

SN  =  100  ^1  - 

where  Rg  and  R„  are  the  diffuse  reflectance  of  the  sample  spot  and  the  clean 
filter  paper.  Exhaust  samples  are  taken  over  a  range  of  sample  sizes  around 
W/A  >  0.023  pound  of  sample  per  square  inch  of  filter  area.  The  resulting 
smoke  numbers  are  plotted  against  log  (V/A).  These  are  least-squares  fitted 
with  a  straight  line;  the  Interpolated  value  of  SN  at  U/A  *  0.023  Is  the  re¬ 
ported  smoke  number  for  the  engine  operation  condition.  Champagne  (9)  gives 
a  complete  description  of  the  procedure  and  relates  the  results  to  partic¬ 
ulate  concentration  and  exhaust  plume  visibility.  Troth  et  al  (10)  provide 
a  numerical  relationship  for  that  correlation: 

dg  ■  aj  exp  (a2  SN)  (1-exp  (-a3  SN)]  +  a4  exp  [-85  (SN-ag)^] 
where  dg  ~  true  smoke  density,  mg/m^ 

SN  B  EPA  Smoke  Number 

ai  ■  0.8 

a2  -  0.057565 

83  -  0.1335 

84  ■■  0.0942 

85  ■  0.005 
ag  -  27.5 
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VI.  DISCUSSION  OF  EXPERIMENTAL  RESULTS 

A.  COMBUSTOR  OPERATING  CONDITIONS 

1.  Exaainatlon  of  the  test  reports  shorn  that  the  air  and  fuel  flow 
parsaeters  were  all  quite  stable  during  the  tests  which  norwally  take  about 
20  alnutes  to  complete  because  of  the  lengthy  smoke  measurements.  (Unfortu¬ 
nately,  due  to  an  error  In  the  programming,  the  "air  flow  loading  factor” 
was  printed  out  as  "0.00"  in  the  first  seven  experiments.  Calculated  values 
are  written  In.)  The  differences  In  fuel  flow  rate  and  alr/fuel  ratio  ac¬ 
count  for  the  water  and  surfactant  added  to  the  fuel.  The  actual  fuel  flow 
rate  was  kept  the  same  for  all  experiments  conducted  at  similar  power 
points.  Another  deviation  In  the  printed  output  from  the  calculator  was  en¬ 
countered  during  the  second  series  of  experiments.  The  method  of  reporting 
hydrocarbon  emissions  was  Inconsistent  with  the  computer  program;  corrections 
have  been  made  on  the  experiment  test  reports. 

2.  Except  for  the  noted  variances,  a  comparison  of  the  operating 
conditions  shows  very  little  variation  among  the  experiments.  They  are 
therefore  felt  to  be  a  valid  set  of  experiments  upon  which  to  base  con¬ 
clusions  about  the  use  of  fuel  emulsions  to  reduce  exhaust  smoke. 

B.  CHARACTERIZATION  OF  EMULSIONS 

1.  Four  emulsion  characteristics  were  found  to  be  Important  In  this 
program : 

a.  surfactant  type, 

b.  surfactant  concentration, 

c.  water  concentration,  and 

d.  dispersion  size. 

2.  The  first  has  already  been  discussed  briefly.  An  HLB  kit  was 
purchased  and  used  to  find  the  desirable  value  for  a  water-ln-JP5  emulsion. 

A  surfactant  with  an  HLB  of  5.3  (90Z  SPAN  80*/10Z  TWEEN  80*)  was  used  for 
the  combustion  experiments. 

3.  The  surfactant  concentration  wis  also  found  to  have  an  effect  on  the 
stability.  ("Stable"  here  means  the  emulsion  exhibits  no  separation  to  the 
unaided  eye;  agglomeration  and  coescence  on  a  microscopic  scale  always 
occur  to  some  extent.)  The  amount  of  surfactant  necessary  depended  on  the 
concentration  of  water.  Emulsions  of  lOZ  water-ln-JP5  could  be  stabilized 
for  up  to  12  hours  with  2Z  of  the  above  surfactant,  whereas  emulsions  of  20Z 
and  30Z  water  showed  separation  In  about  15  minutes.  Only  concentrations  of 
5Z  and  lOZ  water  were  used  In  the  early  combustion  experiments.  Surfactant 
levels  were  maintained  at  the  2Z  value  during  the  later  tests,  which  Included 
water-to-fuel  ratios  up  to  50Z.  The  In-line  homogenlzer  unit  allowed  stable 
emulsions  to  be  maintained  during  the  performance  of  the  tests. 


*  Trademarks  of  ICI  America,  Inc. 
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4.  It  should  be  noted  that  the  percentage  definitions  are  related  to 
the  fuel  flow  above;  the  total  flow  of  liquid  to  the  combustor  was  not  used 
as  the  reference.  Thus,  the  term  *'20Z  emulsion"  implies  a  mixture  of  one 
part  of  %iater  to  five  parts  of  fuel  on  a  volume  basis.  Surfactant  concen¬ 
trations  are  also  based  upon  a  measured  volume  of  fuel,  and  the  surfactant 
was  mixed  with  the  fuel  prior  to  initiation  of  the  combustion  tests. 

3.  The  dispersion  size  could  be  varied  by  changing  the  pressure  drop 
across  the  homogenlzer  valve  as  previously  discussed.  The  two  photomicro¬ 
graphs  of  Figure  2  show  the  dispersions  for  the  pressure  drops  of  2600  and 
200  psl — the  two  extremes  used  in  the  combustion  experiments.  The  scale  is 
3  microns  per  division  for  both  pictures.  The  high-pressure  case  indicates 
dispersions  of  around  1  to  2  microns,  whereas  the  dispersion  in  the  other 
case  Is  5  to  10  microns  with  a  few  larger  sizes  apparent. 

C.  COMBUSTION  EXPERIMENTS.  In  addition  to  the  individual  test  reports  for 
each  experiment,  the  salient  features  of  the  experimental  program  are  sum¬ 
marized  in  Tables  3  and  4.  The  following  discussion  treats  several  perti¬ 
nent  aspects  of  the  use  of  emulsified  fuels  in  turbine  combustors. 

1.  Exhaust  Smoke 


a.  Without  exception,  the  addition  of  water  to  the  fuel  in  the  form 
of  an  emulsion  resulted  in  a  reduction  in  exhaust  smoke.  The  results  from 
the  early  series  of  experiments,  summarized  in  Figure  78,  suggest  that  sig¬ 
nificant  reduction  in  smoke  can  be  achieved  through  the  addition  of  modest 
quantities  of  water.  Furthermore,  the  trend  of  these  results  implies  that 
larger  quantities  of  water  yield  further  smoke  reduction.  The  more  recent 
experiments  confirm  this  tendency;  results  are  shown  for  water/ fuel  ratios 
up  to  50Z  in  Figures  79  and  80.  Throughout  this  series  of  tests,  smoke  was 
further  reduced  for  each  Increase  in  water  concentration.  Although  the 
shape  of  the  curve  implies  that  a  limiting  value  exists,  higher  concentra¬ 
tions  were  not  attempted  since  the  physical  properties  of  emulsions  begin  to 
change  at  concentrations  not  too  far  above  this  (18). 

b.  Since  the  test  results  indicate  that  exhaust  smoke  decreases 
monotonically  as  the  water  concentration  increases,  there  is  no  clearly  de¬ 
fined  optimum  value  for  the  water  content  of  the  emulsion.  In  practice,  the 
selection  of  an  appropriate  blend  would  be  governed  by  the  magnitude  of  the 
smoke  emission  problem  and  by  practical  considerations  associated  with  the 
engine  fuel  supply  system.  A  body  of  data  was  acquired  which  describes  the 
degree  of  smoke  reduction  available  over  the  entire  engine  operating  range. 
Water-ln-fuel  ratios  of  0.15  and  0.30  were  utilized;  the  results  are  de¬ 
scribed  in  Figures  81  and  82.  The  full  power  point  corresponds  to  maximum 
smoke,  and  it  is  particularly  significant  to  note  that  the  greatest  smoke 
reductions  were  achieved  at  the  high  power  points.  The  lower  power  points 
are  characterized  by  smaller  smoke  reductions,  but  the  smoke  levels  are  also 
low  under  low  power  conditions.  In  terms  of  smoke  number,  at  the  full  power 
point,  reduction  by  a  factor  of  approximately  2  is  possible  at  the  0. IS 
water-ln-fuel  ratio,  while  the  addition  of  0.30  water-ln-fuel  ratio  allows 
smoke  reduction  by  a  factor  of  about  3. 
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c«  During  the  early  series  of  experiments,  an  attempt  was  made  to 
produce  emulsions  having  different  dispersion  sizes  by  varying  the  homog- 
enizer  pressure  drop.  Estimated  dispersion  sizes  ranged  from  1  to  10  mi¬ 
crons;  these  values  are  much  smaller  than  the  SMD  of  the  spray.  When  these 
mixtures  were  tested,  no  effect  of  dispersion  size  was  observed.  However, 

It  Is  probable  that  the  relatively  unstable  emulsions  produced  with  low  sur¬ 
factant  concentrations  are  characterized  by  larger  dispersion  sizes.  The 
results  shown  In  Figure  78  indicate  that  the  smoke  reduction  Is  affected  by 
surfactant  concentrations  below  a  level  of  about  2Z.  Thus,  It  may  be  In¬ 
ferred  that  there  Is  some  effect  of  dispersion  size,  but  the  effect  Is  quite 
small  If  the  surfactant  concentration  and  initial  dispersion  are  sufficient 
to  create  a  stable  emulsion. 

2.  Combustor  Temperature  Rise.  There  is  no  apparent  effect  on  temper¬ 
ature  rise;  this  could  be  expected  considering  the  very  small  amount  of 
water  actually  added.  With  an  overall  fuel/alr  ratio  of  0.0198,  an  addition 
of  12. IZ  wt  (lOZ  vol)  of  water  based  on  the  fuel  Is  only  an  addition  of 
0.24Z  wt  of  the  total  flow.  Assuming  the  specific  heat  of  water  vapor  is 
twice  that  of  air,  the  resultant  decrease  in  temperature  rise  should  be 
about  0. 5Z.  If  the  temperature  rise  is  typically  about  630*^0  (1170*^F),  the 
effect  Is  only  3°C  (6®F)! 

3.  Combustion  Efficiency.  Combustion  efficiencies  were  calculated  from 
the  combustor  exhaust  chemistry,  and  the  results  are  shown  in  Figures  83  and 
84.  At  full  power,  the  efficiency  is  reduced  by  less  than  IZ  at. water/fuel 
ratios  of  0.50.  However,  the  effect  of  %mter  addition  is  more  noticeable 
for  part  load  operation.  As  shown  in  Figure  84,  the  combustion  efficiency 
for  a  0.30  water-in-fuel  emulsion  at  the  lOZ  power  point  is  about  4Z  lower 
than  the  value  associated  with  the  base  fuel. 

4.  Flame  Radiation.  Burning  emulsions  of  lOZ  water  consistently  re¬ 
sulted  in  about  a  20Z  reduction  In  flame  radiation.  This  is  consistent  with 
the  Idea  that  less  soot  Is  being  produced  in  the  primary  zone. 

5.  Exhaust  Chemistry.  Measurements  of  exhaust  concentrations  were  ob¬ 
tained  for  unburned  hydrocarbons,  carbon  monoxide,  and  oxides  of  nitrogen. 
The  results  are  summarized,  with  respect  to  water  fuel  ratio  and  power 
point,  in  Figures  85  through  90.  In  general,  it  may  be  observed  that  an  in¬ 
crease  in  the  water  concentration  corresponds  to  an  increase  in  emission  of 
unburned  hydrocarbon  and  carbon  monoxide  and  a  decrease  in  emission  of 
oxides  of  nitrogen.  The  changes  are  significant;  the  emission  of  oxides  of 
nitrogen  can  be  halved  by  the  addition  of  40Z  water,  but  the  cost  of  this 
reduction  is  an  Increase  of  the  same  magnitude  in  emission  of  hydrocarbons. 
The  observed  trend  corresponds  to  the  effect  of  a  cooler  flame  zone.  The 
cooler  flame  may  be  due  either  to  a  water  quench  effect  or  to  changes  in  the 
mixing  of  air  and  fuel.  The  Increase  dispersion  of  the  fuel  as  a  result  of 
micro-explosions  would  reduce  the  level  of  high  temperature  diffusion-zone 
combustion  and  promote  cooler  premixed  combustion. 
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0.  SENSITIVITY  TO  FUEL  PROPERTIES.  The  reductions  in  smoke  brought  about 
by  emulsifying  the  fuel  were  equally  effective  with  high  aromatic  fuels  and 
fuels  with  high  end  points  as  evidenced  by  experiments  16  through  19. 
Therefore,  no  problems  are  foreseen  In  the  application  of  this  concept  due 
to  variations  In  fuel  properties. 


VII.  EVALUATION  OF  CONCEPT  AND  APPLICATION  OF  RESULTS 

Two  correlations,  attributed  to  Champagne  (9)  and  Kelly  (21),  have  been 
located  to  establish  the  correspondence  between  smoke  number  and  plume  visi¬ 
bility*  Champagne  provides  an  Indication  of  the  size  of  a  visible  plume  in 
terms  of  smoke  number  (or  smoke  concentration).  The  correlation  due  to 
Kelly  Is  a  summary  of  data  obtained  from  Navy  jet  engine  test  facilities. 
Both  of  the  correlations  are  presented  in  Figure  91.  Obviously,  reductions 
In  smoke  number  coincide  with  reductions  In  plume  visibility,  but  the  actual 
relationship  depends  upon  the  engine  and  Installation.  This  program  has 
shown  that  fuel  emulsions  can  be  used  to  reduce  exhaust  smoke  with  negli¬ 
gible  effects  on  combustor  performance.  Therefore,  It  Is  concluded ' that 
there  would  be  reductions  In  plume  visibility  If  such  a  fuel  is  used  In  a 
full-scale  engine,  but  the  extent  of  the  reduction  cannot  be  predicted. 

The  concept  of  water-ln-fuel  emulsions  reducing  exhaust  smoke  from  gas 
turbine  engines  appears  to  have  Its  greatest  application  at  full  power  con¬ 
ditions  where  the  smoke  problem  Is  most  severe.  The  greatest  reductions  In 
smoke  were  obtained  under  full  poorer  conditions,  and  the  effect  of  water 
addition  on  combustion  efficiency  and  combustor  temperature  rise  was  small¬ 
est  at  these  points.  Because  the  smoke  levels  were  found  to  be  monoton- 
Ically  decreasing  with  Increased  water  concentration.  It  appears  that  the 
addition  of  water  can  be  tailored  to  meet  the  level  of  smoke  being  produced. 

The  adaption  of  the  technique  to  full-scale  engine  testing  could  be  ac¬ 
complished  In  two  ways:  If  the  fuel  control  system  is  flexible  enough  to 
accommodate  the  required  Increase  In  fuel  flow,  the  easiest  method  would  be 
to  emulsify  the  fuel  upstream  of  the  high-pressure  pomp;  the  other  possi¬ 
bility  Is  to  emulsify  the  fuel  between  the  fuel  control  and  the  nozzle  ring 
by  temporarily  replacing  a  section  of  the  high-pressure  line  with  an  emul¬ 
sification  system  similar  to  the  one  used  in  this  program.  The  choice  may 
depend  on  the  Individual  engine. 


VIII.  recommendation 

TWo  Important  performance  Items  cannot  be  quantified  on  a  combustor  test 
facility;  these  factors  are  (1)  the  effects  on  engine  horsepower  and  oper¬ 
ation,  and  (2)  the  effects  on  exhaust  plume  visibility.  It  Is  therefore  rec¬ 
ommended  that  full-scale  engine  tests  be  conducted  In  order  to  define  these 
features  of  water-fuel  emulsion  time. 
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TABLE  1  -  T-63  COMBUSTOR  RIG  OPERATING  CONDITIONS 
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TABLE  2  -  FUEL  PROPERTIES 


FUEL* 


JPS-HBR 

JPS-HA 

JP5-P 

Composition 

Saturate,  normal 

18.8 

15.8 

5.8 

Saturate,  iso-  and  cyclo- 

67.8 

59.9 

80.9 

Aromatic 

Volatility 

13.4 

24.3 

13.3 

Distillation 

Initial  (*F) 

390 

366 

356 

10% 

406 

380 

384 

20% 

412 

384 

394 

50% 

430 

394 

422 

90% 

488 

436 

476 

95% 

510 

466 

490 

Final 

536 

496  ■ 

504 

Flash  Point,  "F 

162 

145 

142 

Gravity,  API  (60*F) 

42.7 

42.1 

42.4 

Specific  Gravity  (75*F) 

.81 

.81 

.81 

Fluidity 

Freeze  Point,  *F 

-22 

-52.6 

-54 

Viscosity  (100*F) 

1.78 

1.37 

1.59 

Combustion 

Aniline  Gravity  Product 

6700 

5759 

6285 

Heat  of  Combustion,  BTU/lb 

19.827 

19,702 

19,757 

*JP5>HA  was  the  high  aromatic  JP5, 

JPS-HBR  was  the  high  boiling  range  JPS,  and 
JP5-P  was  the  production  JPS. 
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TABLE  3  -  SUMMARY  OF  COMBUSTOR  EXPERIMENTS 
PROGRAM  PHASES  1-3 
All  Runs  at  Full  Power  Conditions 


TABLE  4  -  SUJflARY  OF  COMBUSTOR  EXPERIMENTS 
PROGRAM  PHASES  4-7 

Fuel  For  All  Runs  Includes  Surfactant  2%  By  Volume 
Homogenizer  Valve  Pressure  Drop  =  2600  PSI  For  All  Emulsions 
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Close-up  of  a  Gaulin  homogenizing  valve 
section.  Product  enters  the  valve  area 
at  high  pressure.  The  pressure  forces 
open  the  pre-loaded  adjustable  valve  and 
the  product  psusses  through  the  aperture 
where  an  instantaneous  pressure  drop  m 
less  than  an  atmosphere  occurs,  causing 
shearing  action  and  cavitation  bubbles. 
The  product  then  strikes  the  impact  ring 
at  a  velocity  of  about  57,000  ft/min, 
further  shattering  the  particles  by  im¬ 
pact  and  implosion  of  the  bubbles.  The 
homogenized  product  is  discharged  at  a 
pressure  sufficient  for  movement  to  the 
next  processing  stage. 


(from  Bibliog  4) 


Figure  1  -  Mechanism  of  Emulsion  Formation 


Pbotomictographs  of  emulsions  formed  w  rh  f-u''  'htferent 
homogenizing  pressures.  (1)  upper:  /jP  =  2h0('i  ps .  , 

(2)  lover:  200  psi.  Scale;  3  microns/Uivision.  cir¬ 
cle  is  scaled  to  an  SS-micron  diamcu  ov  to  i  1  ]  nstrato  a 
spray  drop  of  emulsion. 


Figure  2  -  Photomicrographs  of  in-''  shnwmn 


*  «.  S.  mn  niSLS  S.  lIMRICmm  ltnE«tllCI«  LAaOltATWV  s  ORHY  fuels  I.  re-  L•«OF^TOf>V 

nmiNE  Cf<N(V$TOR  r««lLrTV  TUFSIMB  r.OK?.UiT>''F  ;  it  IT  . 

-  S1M9V  OP  FUEL  EtWLSIOIlS  FOR  THE  REDUCTION  OF  EXHRUST  RRRTICULRTES  **■  EHIN.SIOUS  FOR  THE  PEOUCam.  0?  E:aMUST  PuRTICUlATE'^ 
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Figure  22  -  Test  Report  of  Experiment  No.  15  |  Figure  23  -  Test  Report  of  Experiment  No.  16 
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Figure  26  -  Test  Report  of  Experiment  No.  19  J  Figure  27  -  Test  Report  of  Experiment  No.  20 
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Figure  58  -  Test  Report  of  Experiment  No.  51  I  Figure  59  -  Test  Report  of  Experiment  No.  52 
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Flggre  60  -  Test  Report  of  Experiment  No.  53  I  Figure  61  -  Test  Report  of  Experiment  No.  54 
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Smoke  Number  Evaluations  for  Experiments  16,  17,  18, 
and  19  Showing  Sensitivity  of  Concept  to  Fuel  Type 
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Smoke  Number  Eveluatlons  for  Experiments  44. 
45.  and  46 
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Figure  78  -  Summary  of  Effects  of  Emulsion 
Characteristics  on  the  Reduction 
of  Exhaust  Particulates,  Program 
Phases  1-3 
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Figure  79  -  Sunmary  of  Effects  of  Water  Concentration  on  the 
Reduction  of  Smoke  Number,  Program  Phases  4-7 
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Figure  80  -  Summary  of  Effects  of  Water  Concentration 
on  Particulate  Concentration 
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Figure  81  -  Summar 
Throug 


Particulate  Concentration,  'x*  mg/m 


*  Base  Fuel 
O  15%  Water 
9  30%  Water 
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Figure  82  -  Summary  of  Effects  of  Emulsion 
on  Particulate  Concentration  Ov 
Spectrum 
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Coabustion  Efficiency  (%) 
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Figure  83  -  Effect  of  Water  Concentration  on  Combustion 
Efficiency 
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Figure  87  -  Effect  of  Water  Concentration  on 
Oxides  of  Nitrogen  Emissions 
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Figure  88 


Effect  of  Water  Concentration  on 
Hydrocarbon  Emissions  for  Engine 
Power  Spectrum 
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Figure  91  -  Correlations  of  Smoke  Number  to  Plume 
Visibility  According  to  (a)  Champagne 
(1971),  (b)  Kelly  (1973) 
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